Artificial membrane systems allow researchers to study the structure and function of membrane proteins in a matrix that approximates their natural environment and to integrate these proteins in ex vivo devices such as electronic biosensors, thin-film protein arrays, or biofuel cells. Given that most membrane proteins have vectorial functions, both functional studies and applications require effective control over protein orientation within a lipid bilayer. In this work, we explored the role of the bilayer surface charge in determining transmembrane protein orientation and functionality during formation of proteoliposomes. We reconstituted a model vectorial ion pump, proteorhodopsin, in liposomes of opposite charges and varying charge densities and determined the resultant protein orientation. Antibody-binding assay and proteolysis of proteoliposomes showed physical evidence of preferential orientation, and functional assays verified the vectorial nature of ion transport in this system. Our results indicate that the manipulation of lipid composition can indeed control orientation of an asymmetrically charged membrane protein, proteorhodopsin, in liposomes.
INTRODUCTION
Living systems use membrane proteins to regulate transport and signaling across different cellular compartments. The amphiphilic properties of membrane proteins, which contribute to their stability and ability to partition into membranes, also make it difficult for researchers to investigate their structure and functionality outside of living systems. Fortunately, reconstitution of membrane proteins into proteoliposomes-lipid vesicles that contain membrane proteins embedded in the lipid bilayer-has allowed extensive biochemical manipulation and transport characterization in these systems, and today reconstitution studies have become a standard approach for working with membrane proteins. For example, researchers have used vesicles containing antigenic proteins and lipids as a target for toxin (1, 2) and hormone binding (3) . Proteoliposomes can fuse with cellular membranes and organelles to incorporate nonnative proteins and thus rescue ion exchange in cells deficient in an appropriate receptor (4) . Proteoliposome systems are also useful for immobilization of membrane proteins on solid surfaces (5) , which are becoming increasingly relevant for biotechnology applications such as biosensors, biofuel cells, and protein arrays. Membrane proteins embedded in lipid bilayers on a solid support also provide an ideal model system for studying cell signaling and ligand-receptor interactions (6) (7) (8) and for developing bioelectronics devices (9) . The most common approach for the formation of such supported lipid bilayers involves proteoliposome rupture and fusion onto the substrate (10) .
The vectorial nature of many membrane proteins often creates a technical problem for fundamental studies and biotechnology applications. Once membrane proteins are solubilized, their orientation becomes randomized. If this random orientation persists on membrane reconstitution, it could lead to reduced or even completely undetectable signature of protein activity. In most cases, the orientation of protein in a liposomal membrane is random (11) ; in others, is it either exclusively inside-out or outside-out relative to the native orientation (12) and cannot be tailored to a specific application. Yet, researchers need robust approaches to control the protein orientation to maximize the signal detectable in a specific application or to be able to work with the proteins that can only be activated from one side of the membrane. For formation of supported lipid bilayers, a substrate surface functionalized with a monolayer of nitrilotriacetic acid (13, 14) can be used to recruit hexahistidine-tagged proteins in a directed orientation; yet, this technique is limiting because it requires protein labeling and irreversible (and often undesirable) modification of substrate surface. The major means of orienting membrane proteins in supported bilayers is to fuse vesicles containing preoriented proteins onto the solid support; researchers can then benefit from an ability to form uniformly oriented and vectorially functional proteoliposome systems.
Researchers have created preoriented proteoliposome systems by using large silicate bead particles attached to one end of the protein to enforce membrane insertion via the opposite end (15) , by forming giant unilamellar vesicles using the water-in-oil droplet transfer method (16) , or by using blockers after liposome formation to inactivate half of the randomly oriented protein population (17) . Although these methods are viable for certain systems, they often dilute the sample with multiple washing steps, lead to the formation of large cell-sized vesicles, or waste half of the protein amount in the sample.
In this study, we show that we can use composition and surface charge of the lipid bilayer to create an oriented population of the membrane protein. In particular, we found that surface charge of the bilayer can direct preferential orientation of an asymmetrically charged protein during the liposome formation. We used proteolytic and antibody-labeling assays to demonstrate asymmetric insertion of a light-driven proton pump into vesicles of opposite charge and showed that this insertion leads to a preferential proton transport in a direction consistent with the insertion orientation.
MATERIALS AND METHODS

Plasmids and strains
The SAR proteorhodopsin (pR) coding sequence with C-terminal herpes simplex virus (HSV) and hexahistidine tags in the pET27b(þ) vector (18) was a kind gift of Dr. Ernst Bamberg (Max Plank Institute of Molecular Physiology, Dortmund, Germany). It was transformed and expressed in the Escherichia coli strain BL21(DE3).
Expression and purification of pR
E. coli cultures were inoculated in 1-L Luria Bertani broth containing 50 mg/mL kanamycin and grown at 37 C with 275 rpm shaking. When the A 578 nm reached~0.9 OD, gene expression was induced by addition of isopropylthiogalactoside to 1 mM, and 20 mM all-trans retinal (Sigma-Aldrich, St. Louis, MO) was supplied as cofactor. Cultures were grown for an additional 12-16 h at 37 C with 275 rpm shaking. Cells were harvested by centrifugation at 16,000 g, and the resulting cell pellet was pink-orange in color because of pR expression. The cells were washed and resuspended in 10 mM HEPES buffer pH 7.6 and lysed at 1.5-2.0 kbar for 30 min on ice using an EmulsiFlex-C3 cell homogenizer (Avestin, Ottawa, ON, Canada). The crude membrane fraction was pelleted by centrifugation of the cell lysate at 100,000 rcf for 2 h at 4 C. The membrane fraction was then solubilized with 2% (w/v) Triton X-100 overnight at 4 C, and insoluble debris were pelleted by centrifugation at 10,000 g for 1 h at 4 C. The resulting supernatant was incubated with nitrilotriacetic acid agarose resin (Qiagen, Valencia, CA) for~45 min at 4 C with stirring to allow binding of the pR to the resin. After being packed into a gravity flow column, the resin was rinsed thoroughly with at least 10 column volumes of wash buffer containing 50 mM TRIS, 100 mM NaCl, 4 M urea, 40 mM imidazole, 0.5 mM dithiothreitol, and 0.1% (w/v) n-dodecyl-b-D-maltoside (b-DDM), pH 7.6. The protein was eluted in 50 mM Tris, 100 mM NaCl, 300 mM imidazole, 1 mM dithiothreitol, pH 7.6, and exchanged into 10 mM HEPES, 0.05% (w/v) b-DDM, pH 7.6 using spin dialysis membranes (40K MWCO). Purity of the resulting pR was analyzed by SDS-PAGE, and concentration was calculated using the absorbance value at 520 nm and an extinction coefficient of 45,000 M -1 cm -1 (19) ; pure fractions were stored at 4 C for up to 2 months. The typical protein yields were in the range of 1-2 mg of pR per liter of culture.
Preparation of liposomes
The lipids used in this study were 18:1 (D9-Cis) 1,2-dioleoyl-snglycero-3-phosphocholine (DOPC), 16:0-18:1 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC), 18:1 (D9-Cis) 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), 16:0-18:1 1-palmitoyl-2-oleoyl-sn-glycero-3phosphoglycerol (POPG), and 18:1 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP) lipid (Avanti Polar Lipids, Alabaster, AL).
Unilamellar liposomes were prepared using the extrusion technique. Briefly, lipid solutions in chloroform were mixed to give the desired stoichiometric compositions, dried to a lipid film on a glass vial using a steady stream of N 2 , hydrated with 10 mM HEPES buffer pH 6.2 to a final concentration of 3 mg/mL lipid, and extruded 20 times through 200-nm polycarbonate membranes (Avanti Polar Lipids). The resulting vesicles were stored at 4 C and used within a week. To form negatively or positively charged liposomes, we used POPC:POPG (80:20 mol %) and DOPC: DOTAP (80:20 mol %), respectively. For charge-neutral liposomes, we used 100% DOPC lipid. To prepare 5 (6) carboxyfluorescein (5(6)CF) dye-entrapped liposomes, the dried lipid film was hydrated with 0.05 mM 5(6)CF in 10 mM HEPES pH 6.2. Excess unencapsulated dye was removed using size-exclusion chromatography with a column containing Sepharose CL-6B (Sigma-Aldrich).
Oriented reconstitution of pR in charged proteoliposomes
Detergent-mediated reconstitution (20) of pR into these liposomes was performed at a protein:lipid molar ratio of 1:500. We started with 480 mL of 200-nm extruded liposome solution in 10 mM HEPES pH 6.2 ([lipid] ¼ 3 mg/mL) and added 95 mL of 0.05% b-DDM in 10 mM HEPES buffer pH 6.2 to allow the detergent to induce permeability in liposomes. After incubating this mixture for 45-60 min, we added 8.1 mL of pR-micelle (10.8 mg/mL) solution in 10 mM HEPES buffer, 0.05% b-DDM. The final detergent concentration in this solution is 0.0088%, just above the critical micelle concentration. The lipid-pR-detergent complex was incubated at room temperature for 1 h. To ensure complete removal of the detergent, we used polystyrene biobeads SM2 (Bio-Rad, Hercules, CA), which were thoroughly washed using the Holloway method (21) . Specifically, the biobeads were washed with 100% methanol two times, washed with deionized water three to four times, and then equilibrated in 10 mM HEPES buffer. Biobeads (160 mg/mL) were added to the lipid-pR-detergent mixture and gently stirred at room temperature in the dark for 6-8 h, during which time the solution was transferred into a fresh batch of biobeads each hour. Following this, the complex was further incubated with biobeads overnight at 4 C with gentle stirring. To form proteoliposomes in pH 5 and pH 9 environments, we used 10 mM MES and 10 mM TRIS buffers, respectively, to hydrate dried lipid films and to prepare 0.05% b-DDM solutions. We monitored removal of b-DDM and changes in the particle size over time using ultraviolet-visible spectroscopy (NanoDrop 2000, Thermo Scientific, Pittsburgh, PA) and dynamic light scattering measurements (Zetasizer Nano Range, Malvern, Worcestershire, UK) after each biobead exchange. For experiments requiring disrupted proteoliposomes, we added 10% (w/v) aqueous solution of Triton X-100 detergent (Thermo Scientific, Logan, UT) and mixed the solution by pipetting. To form proteoliposomes containing bacteriorhodopsin (Sigma-Aldrich), we followed similar procedures as described above.
Proteolytic digestion of pR-containing proteoliposomes
To assay orientation of pR in proteoliposomes, we added proteinase K (Thermo Scientific, Pittsburgh, PA) to the proteoliposomes to a final concentration of 2.5 mg/mL (specific activity 2.5 units/mg). These samples were incubated for 2 h at 37 C. To stop the reaction, we added the protease Biophysical Journal 105(6) 1388-1396 inhibitor phenylmethanesulfonylfluoride in absolute ethanol to a concentration of 10 mM and cooled the reaction on ice for 30 min. The reaction products were loaded onto 4-20% Tris-HCl Criterion Precast Gels (Bio-Rad).
Zeta potential measurements
Zeta potential measurements were taken using a dip cell configuration on a Malvern Zetasizer Nano instrument at 25 C. In all cases, the final lipid concentration was 2.5 mg/ml in 10 mM HEPES buffer pH 6.2.
Determination of pR-bound HSV antibodies using fluorimetry and ultraviolet-visible spectroscopy
For this experiment, we used a fluorescein-conjugated HSV Tag Goat anti-HSV polyclonal antibody (FITC-a-HSV, LifeSpan Biosciences, Seattle, WA). Proteoliposomes were made from DOPC, POPC-POPG, and DOPC-DOTAP lipid combinations with a pR:lipid mole ratio of 1:500 using methods described previously. These samples were incubated with FITC-a-HSV (1:1 pR:FITC-a-HSV molar ratio) for 2 h at room temperature in the dark, and excess unbound antibody was removed using sizeexclusion chromatography. A gravity-flow, size exclusion column packed with a CL-6B Sepharose agarose (Sigma-Aldrich) and equilibrated with 10 mM HEPES buffer pH 7.6 was used for this purpose. Elution fractions were collected in a 96-well plate format and an absorbance spectrum was taken for each well using a SpectraMax Plate Reader. The fractions showing both light-scatter from the proteoliposomes and a pR absorbance peak at 520 nm were pooled into a single sample. The fluorescein emission from bound FITC-a-HSV was measured for each proteoliposome sample using a Jobin-Yvon fluorimeter (ex. l ¼ 494 nm, em. l ¼ 516 nm). Following the fluorescence emission measurement, the proteoliposome samples were measured by ultraviolet-visible spectroscopy to determine the mole fraction of protein to antibody in each of the samples. Because the scattering from intact proteoliposomes obscures the pR absorption, we first used a 10% (w/v) aqueous solution of Triton X-100 to break apart the liposomes and incorporate the protein into detergent micelles. FITC-a-HSVand pR concentrations were then determined using absorbance values at 494 nm and 520 nm, respectively, and extinction coefficients of 70,000 M -1 cm -1 and 45,000 M -1 cm -1 , respectively (19) .
Fluorescence measurements for determination of proton pumping
We prepared 0.05 mM 5(6)CF-entrapped proteoliposomes of varying lipid composition using methods described above. The proteoliposome solutions were diluted to 0.6 mg/mL lipid concentration in 10 mM HEPES buffer pH 6.8, allowed to equilibrate in the dark for 1 h, and then were placed in the fluorimeter measuring chamber. To induce proton pumping by pR, we illuminated the solutions with 530-nm light using a band-pass filter (Newport, Irvine, CA) at 50-s intervals by using a flexible light guide directed above the cuvette. The shutter was closed during the external illumination periods to protect the fluorimeter detector. After each illumination period, 5(6)CF fluorescence emission was measured at 514 nm 5 (4) nm (slit width). The observed fluorescence changes were converted to pH using a calibration curve that we obtained by measuring fluorescence intensity of 0.05 mM 5(6)CF in a series of buffer solutions of known pH.
RESULTS AND DISCUSSION
Recent simulation studies have shown that nonspecific and long-distance electrostatic interactions can facilitate protein recruitment to charged surfaces such as biomembranes (22) . To determine whether the surface charge influences the di-rection of protein recruitment in an ex vivo environment into artificial membranes, we inserted a model membrane protein into bilayers formed by lipids with differently charged polar headgroups and determined the resulting protein orientation ( Fig. 1 A) . Our experiments used a light-driven proton pump: pR. pR has seven transmembrane a-helices that enclose a retinal chromophore. On light absorption and under conditions of neutral pH, the protein undergoes a series of conformational shifts that translocate one proton across the membrane from the C-terminal face of pR to its N-terminal face (23) . Interestingly, insertion into the lipid bilayer is required for pR to be functional. The structure of proteorhodopsin also gives it an inherent asymmetric charge density (24) ; the C-terminal has an overall positive charge because of an abundance of positively charged residues, and the N-terminal contains a number of negatively charged residues. To investigate whether this charge asymmetry could produce preferential orientation during insertion into the bilayer, we compared proteoliposomes created by pR insertion into cationic, anionic, and charge-neutral liposomes ( Fig. 1 B) . Furthermore, we varied several reconstitution parameters such as pH, presence of low concentration of divalent cations, and lipid tail saturation level to determine whether they influence pR insertion or orientation. We expressed pR in E. coli and purified it via nitrilotriacetic acid affinity chromatography; purified pR exhibited the absorption spectrum maximum at 530 nm and pH-dependent absorbance shift that is characteristic for a protein that is bound to its retinal cofactor and properly folded (see Fig. S1 in the Supporting Material). pR reconstitution produces ca. 200 nm proteoliposomes that display the Biophysical Journal 105(6) 1388-1396 characteristic pR absorption peak at 530 nm, indicating that structurally intact pR is incorporated into the vesicle's lipid bilayer.
Limited proteolysis
Similar to the approaches of Gerber (25) and Kalmbach (26) , we used a proteolytic digestion assay with a nonspecific serine protease, proteinase K (ProtK), to determine the orientation of reconstituted pR in liposomes. When a membrane protein is incorporated into lipid vesicles, the membrane shields the core of the protein and only the hydrophilic residues that form loop regions of a protein remain exposed to the solution. Indeed, a one-dimensional topological model of pR based on hydrophobicity analysis (27) shows that the membrane shields all but the N-terminal, C-terminal, and loop regions; thus, properly folded and embedded pR has only a few sites vulnerable to proteolysis. Critically, these cleavage sites are located asymmetrically in the protein structure; as a result, ProtK-induced cleavage on different sides of the membrane produces a distinct set of protein fragments ( Fig. 2 A) , which we could then distinguish by SDS-PAGE analysis of the digestion products. pR-containing samples that have not been exposed to ProtK show a single band at~24 kDa, independent of whether the protein is in micelles or proteoliposomes prior to SDS-PAGE analysis (Fig. 2 B, lanes 6-9) . In contrast, the proteolytic digest results shown in Fig. 2 B reveal distinct patterns depending on the charge state of the lipid in the proteoliposomes.
ProtK (Fig. 2 B, lane 1) shows three distinct bands at 23, 27, and 34 kDa. This pattern is likely due to aggregation and self-cleavage as ProtK itself has 44 serine residues. We tested pR digestion in the presence of Triton X-100, which should solubilize the protein. Digestion of a pR-micelle complex alone mostly reduces it to fragments smaller than 14 kDa (Fig. 2 B, lane 2) . This result suggests that after 2 h of digestion, ProtK most likely cleaves each serine site on the solubilized pR, resulting in smaller sized fragments. The gel also shows some signs of incomplete digestion (~5% pR remains undigested with some intact protein close to 23-24 kDa), which we can attribute to the stabilizing effect of Triton X-100 detergent monomers on pR native folding (26) . This stabilizing effect of Triton X-100 on pR was disrupted by further solubilization in 0.1% SDS solution ( Fig. S2) . SDS disrupts the protein folding, allowing the protease equal access to all the serine residues, leading to near complete digestion by ProtK (Fig. S2) .
We found the digestion products of proteoliposomes (Fig. 2 B, lanes 3-5) to be distinct from the products of pR-micelles digestion. Digestion of zwitterionic DOPC proteoliposomes ( Fig. 2 B, lane 3) produced a mixture of digestion products (molecular weights of 24.3 kDa, 21.8 kDa, 15.6 kDa, and smaller fragments around 8 kDa) that correspond to fragments that originated from both Cand N-terminal protein fragments. These results suggest that a charge-neutral surface does not induce significant vectorial pR orientation. Digestion fragments from proteoliposomes made from negatively charged POPC-POPG lipid complex ( Fig. 2 B, lane 4) produce the major cleavage product (highest band density) at 24.3 kDa. This size product clearly indicates that ProtK is cutting the protein near the N-terminal. There are also bands present at~22 and 15.6 kDa, both also consistent with a predominant Nexposed pR orientation.
Digest fragments of proteoliposomes made with positively charged DOPC-DOTAP lipid complex ( Fig. 2 B,  lane 5) show a rather different picture. Here we see a strong band at 21 kDa or 22 kDa and a rather weak band at 24.3 kDa; these results strongly indicate a predominantly C-terminal exposed orientation of the pR protein. The molecular weights for the digestion fragments (see table in Fig. 2 A) that were calculated based on protein cleavage sites agree closely with estimated molecular weights based on the R f values from the gel.
We also used a similar proteolysis assay to investigate the effect of varying solution pH on pR reconstitution and orientation. A previous study by Liang et al. (24) has calculated pH-dependent effective charges associated with pR extramembrane domains at different pH levels. Those calculations show that at pH 5, the N-terminal has an effective FIGURE 2 Limited proteolysis with proteinase K (ProtK) shows that pR orientation in proteoliposomes depends on the lipid composition. (A) Expected sizes of proteolytic fragments for ProtK digest of the pR protein when the N-terminal (red numbers) or C-terminal (blue numbers) is exposed to bulk solution. Note that the 24.3 kDa fragment is exclusive to N-exposed pR orientation. The schematic on the top left shows ProtK cleavage sites (black circles). The C-exposed orientation is more vulnerable to cleavage with a greater number of unprotected serine residues. (B) SDS-PAGE gel analysis of the ProtK digestion products. Lane 1 shows bands specific to ProtK enzyme only; lane 2 shows near complete digestion of pR-micelle complexes; lanes 3-5 show digest patterns from 100% zwitterionic, 20% negative, and 20% positive liposomes containing reconstituted pR. Lanes 6-9 show undigested samples corresponding to lanes 2-5, respectively. Red and blue arrows indicate N-exposed and C-exposed fragment sizes, respectively.
Biophysical Journal 105(6) 1388-1396 net charge of À2 and the C-terminal has an effective net charge of þ4; at pH 6.2, the N-terminal charge still remains at À2 and the C-terminal charge is þ1.8. Although this pH change does not reverse the charge asymmetry, it does cause a significant shift in charge density. In this case, we expect the proteolysis of proteoliposomes formed in pH 5 or pH 6.2 buffers to produce similar digest fragments, but the incorporation efficiency should be reduced. Indeed, the resultant digest fragments at pH 5 reconstitution ( Fig. 3 A) show that DOPC-DOTAP liposomes had a dominant fragment at~22 kDa, POPC-POPG liposomes have a dominant fragment at~24 kDa, and DOPC liposomes have a mixed population of fragments. This result is still consistent with a C-exposed pR orientation expected for the positive DOPC-DOTAP liposomes and N-exposed orientation for the negative POPC-POPG liposomes. However, densitometry calculations (not shown) reveal that total protein incorporation efficiency in a pH 5 environment is markedly less compared with incorporation at pH 6.2. Previous studies have shown that pR becomes unstable at lower pH values and causes precipitation (28) . At pH 9, however, the C-terminal effective charge becomes À3.8 and the N-terminal remains unchanged at À2. In this instance, both terminals are negatively charged, with the C-terminal becoming the more negative of the two protein ends. The cleavage products for pH 9 reconstitution ( Fig. 3 B) show a different pattern of fragments from those at pH 5 and 6.2. Here, for the first time, we see a dense 21 kDa band in the POPC-POPG liposomes. In addition, the DOPC-DOTAP sample now shows a marked increase in the density of the 24 kDa band. Also, all three liposome groups show smaller fragments between 13 and 18 kDa. We calculated band densities of the 24 and 21-22 kDa fragments using densitometry (Table 1) . A ratio close to 1 suggests no preferential orientation, whereas a ratio > 1 or < 1 is indicative of an N-exposed or C-exposed orientation, respectively. Signifi-cantly, DOPC-DOTAP liposomes show predominant Cexposed orientation at pH 6.2 and an N-exposed orientation at pH 9, whereas negatively charged POPC-POPG liposomes show both C-and N-exposed populations at pH 9. These data indicate that by varying the effective protein terminal charge, we are able to tune the fraction of C-or Nexposed liposomal orientation.
The lipids that we used for these experiments differ not only by their headgroup charge, but also by the saturation levels of the hydrocarbon chain. To test for the possibility of the hydrocarbon saturation levels influencing the protein insertion orientation, we compared the results of the digest of the proteoliposomes made with POPC-POPG and DOPC-DOPG mixtures, and POPC, and DOPC proteoliposomes under the same proteolysis conditions. Both of these comparisons showed that lipids with the similar headgroup charge but different hydrocarbon chain saturation levels exhibit identical digest patterns (Fig. S3 ). This result is an indication that protein insertion is directed by the polar headgroup charges and not by lipid tail saturation.
We can also manipulate the bilayer surface charge by adding divalent ions, such as Ca 2þ . We found that a relatively low concentration of CaCl 2, 0.5 mM, can affect protein incorporation yield. Densitometry on the digest fragments produced after the proteolysis experiment showed that the negatively charged liposomes, POPC-PG and DOPC-PG, show decreased incorporation of pR, whereas positively charged liposomes, DOPC and DOTAP, show an increase in pR incorporation, as evidenced by increased the density of the 22 kDa band (Fig. S4) . It is likely that Ca 2þ binding to negatively charged liposomes reduced the negative surface charge, thereby reducing the driving force for protein incorporation. The origins of the increased binding in positively charged liposomes are harder to decipher, but it is possible that calcium ions bind to the zwitterionic DOPC component of positively charged liposomes and FIGURE 3 Proteolysis of proteolipsomes in different pH environments shows that pR orientation can be tuned by changing charge density profiles. (A) and (B) SDS-PAGE gel analysis of ProtK digestion products in pH 5 and pH 9. In both gels, lanes 1-3 show undigested samples and lanes 4-6 show digest patterns from 20% positive, 20% negative, and 100% zwitterionic liposomes reconstituted with pR. Red and blue arrows indicate fragments that correlate with N-or C-exposed orientation. Black arrows point to smaller fragments that can be attributed to both orientations.
Biophysical Journal 105(6) 1388-1396 increase surface potential. Note that other factors, such as changes in the conformation and physical properties of membrane lipids caused by calcium ions, could also influence the protein incorporation efficiency (29) .
Surface potential measurements
Proteolysis experiments suggest that negatively charged liposomes assume an N-exposed protein orientation, which should further increase the negative charge on the liposome surface because the N-terminal domain has an overall negative charge. In the same manner, positively charged liposomes should promote a C-exposed protein orientation, creating a more positive potential on the liposome surface. Thus, we expect that the overall surface charge will be amplified after the protein insertion. We have tested this hypothesis by quantifying the net charge of the liposomes before and after protein insertion with zeta potential measurements ( Fig. 4 A) . For anionic POPC:POPG (80:20 mol %) liposomes, the initial zeta potential value was À24.63 5 4.15 mV; after protein reconstitution, the potential decreased even more to À38.3 5 16.0 mV. This result is consistent with the notion that an N-exposed protein population is dominant in negatively charged vesicles. For the cationic DOPC:DOTAP (80:20 mol %) liposome sample, the initial potential was at the 24.03 5 7.13 mV value, which increased to 39.0 5 7.6 mV after protein incorporation. Again, we attribute this increase to a C-exposed protein orientation being dominant in cationic liposomes. In contrast, the zwitterionic DOPC liposome sample showed only small changes in the surface potential (from À1.58 5 0.31 mV to À3.95 5 2.56 mV after pR reconstitution). Overall, samples of zwitterionic DOPC proteoliposomes did not produce a clear trend in zeta potential data. Thus, the analysis of the surface charge measurements validates our conclusion that liposome surface charge can direct the protein orientation during proteoliposome formation.
Immunolabeling assay
We can also confirm the preferential protein orientation in the vesicles using an immunolabeling assay. pR amino acid sequence contains an HSV epitope on the C-terminal end of the protein, which can bind an antibody that recognizes this epitope ( Fig. 4 B, inset) . Because the HSV sequence is proximal to the C-terminal, binding of this anti-body could also serve as a convenient way to discriminate between two possible protein orientations. Because the antibody-binding epitope is located on the positively charged end of the molecule, we would expect to see significant binding to positively charged proteoliposomes and reduced binding to the negatively charged proteoliposomes. We exposed proteoliposomes to an excess of fluorescently labeled anti-HSV antibody, isolated the proteoliposomebound antibodies from those free in solution using sizeexclusion chromatography, and then quantified the relative abundance of the antibody from each proteoliposome population using fluorescence measurements. Indeed, the experimental data showed the expected pattern ( Fig. 4 B) :
Positively charged DOPC-DOTAP liposomes showed an almost 6 times higher (52 5 22%) antibody binding affinity than the negatively charged POPC-POPG vesicles (9 5 2% binding affinity). Unsurprisingly, uncharged liposomes made from pure DOPC lipid showed the affinity value (31 5 4%) that fell in between the affinity values obtained for FIGURE 4 Surface potential and antibody accessibility assays show that pR is predominately N-terminal exposed and C-terminal exposed in negatively charged and positively charged proteoliposomes, respectively. (A) Surface potential values for liposomes (solid bars) and proteoliposomes (patterned bars) composed of different lipids. Charge-induced protein orientation leads to the surface potential increase (decrease) for a positively (negatively) charged membrane. (B) C-terminal epitope accessibility assay of the antibody binding to the HSV epitope tag exposed on the C-terminus of proteorhodopsin. (Inset) Fluorescent label bound to the C-terminus of the protein. the positively and negatively charged proteoliposomes. We have also verified this analysis by rupturing the proteoliposomes with detergent to reduce scatter and calculating pR and FITC-a-HSV antibody concentration based on the absorbance peaks of this solution (Fig. S5 ). The conclusions from the absorbance data analysis match the conclusions that we drew from the fluorescence analysis data.
Vectorial proton pumping in proteoliposomes
It is also important to confirm that protein orientation preference during insertion also defines the direction of the proton transport in the proteoliposomes. Green light excitation of the pR reconstituted in phospholipid vesicles induces pH gradient across the lipid membrane with the sign of the pH change indicative of the predominant protein orientation in the vesicles. To assess the proton pumping direction of the protein, we produced proteoliposomes that contain 5(6)CF dye in their lumen. 5(6)CF is a pH-sensitive dye with a low membrane permeability coefficient (30), so we can use it to monitor pH change on the light-induced pR proton pumping. For this particular dye, an increase or decrease in pH causes an increase or decrease in fluorescence emission, respectively. For the orientation of pR protein in our proteoliposomes, we expected the POPC-POPG proteoliposomes to show the increase in the lumen pH on green light excitation and DOPC-DOTAP proteoliposomes to show the opposite trend. Indeed, exposure of the POPC-POPG proteoliposomes to green light illumination showed a steady increase in 5(6)CF fluorescence emission with each additional light exposure with a change of~1.2 pH units after 200 s of illumination ( Fig. 5 ), indicating that vesicle lumen pH was increasing and pR was pumping protons outward. DOPC-DOTAP proteoliposomes showed the opposite trend of steadily decreasing fluorescence with a pH change of ca. 0.85 pH units after a similar illumination period, indicating in that case a net inward pumping of protons. To confirm that these changes in fluorescence result from pR pumping activity, we carried out these experiments on liposomes that do not contain the protein and observed pH change of less than 0.15 pH units. These experiments confirm vectorial proton transport and preferential pR orientation in liposomes of varying charge states.
As another control, we assayed another photoactivated proton pump, bacteriorhodopsin. Although, bacteriorhodopsin bears~24% sequence identity to pR, the crucial difference is that it does not have asymmetrically charged N-and C-terminals in its native form. After following similar procedures for bacteriorhodopsin reconstitution into charged liposomes encapsulating pH-sensitive dye, we measured proton pumping activity ( Fig. 5 ). Significantly, we saw only minimal changes in dye fluorescence (< 2%), which translated to a pH changes less than 0.05 pH units, and there was no clear trend in either positive or negatively charged proteoliposome sample. This observation suggests that the lack of charge asymmetry in the protein led to an overall randomized orientation, which did not allow proton build-up or depletion on either side of the liposome membrane.
Finally, we want to discuss the implications of our findings for a mechanism of protein insertion into the liposomes. It is plausible to assume that initially a detergent-solubilized protein forms a weak complex with the surface of the lipid bilayer in which the orientation of the protein is guided by the interaction of the protein and bilayer surface charges. Significantly, this orientation remains conserved during the subsequent step of detergent removal. Our results indicate that electrostatic attraction between oppositely charged protein regions in pR and liposome surface not only plays an important role in guiding the protein to the bilayer surface, but also helps to insert the protein into the bilayer membrane. As the result, the opposite end of the protein (bearing the same charge as the bilayer in case of pR) is displayed on the outer bilayer surface. pR has several loop structures and C-/N-terminals on opposite ends of the protein, which lends itself to multiple types of assays as we have demonstrated in this work. pR also does not have prominent extramembrane structural features such a large hydrophilic domain as seen in ATPase (31) or a-hemolysin (32), or a conical shape factor as seen in KcsA protein (33) . Such structural attributes can help to guide protein insertion into membranes in an oriented manner without the need for a strong external driving force. The overall rectangular shape of pR does not naturally lend itself to a preferential orientation in an ex vivo environment and could enhance the role that membrane charge plays in pR reconstitution. Interestingly, while this article was in review, Vitrac et al. (34) reported that membrane charge also plays a defining role in controlling orientation and membrane topology on another protein, lactose permease. Potentially, even proteins without charge asymmetry can be modified to include charged residues at either terminal end to become suitable for this type of recruitment method.
CONCLUSION
In this work, we investigated the role of the lipid bilayer surface charge on the recruitment and orientation of proteorhodopsin in a detergent-mediated reconstitution procedure. Several different assay results give strong and consistent evidence of preferential orientation, and a functional assay confirms that such preferential insertion can induce vectorial proton transport. This method of achieving oriented reconstitution can be useful for a number of applications that require control of direction of membrane protein functionality, both in vesicular systems and in supported lipid bilayer systems. These results also could help researchers understand the fundamentals of the membrane protein insertion into lipid bilayer membrane in in vivo and in vitro systems. However, future studies of reconstitution procedures with other large-membrane proteins with asymmetrically charged terminal ends and two hydrophilic domains separated by a membrane-spanning hydrophobic domain are likely to result in the formulation of a general set of principles that would serve as a guide for oriented reconstitution. 
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